Aspergilli are an important genus of filamentous fungi that contribute to a multibillion dollar industry. Since many fungal genome sequencing were recently completed, it would be advantageous to profile their proteome to better understand the fungal cell factory. Here, we review proteomic data generated for the Aspergilli in recent years. Thus far, a combined total of 28 cell surface, 102 secreted and 139 intracellular proteins have been identified based on 10 different studies on Aspergillus proteomics. A summary proteome map highlighting identified proteins in major metabolic pathway is presented.
INTRODUCTION
Aspergilli are an important genus of filamentous fungi with significant impact in a number of different areas. For example, Aspergillus niger is used to produce a majority of the world's citric acid (estimated nine million tons/year) [1] , A. oryzae is used in both food production (e.g. soy sauce, alcoholic beverages) [2] and industrial enzyme production (e.g. -amylase) [3] , and A. terreus is used to produce cholesterollowering statins (estimated sales of $15 billion USD/ year) [4] . Aspergilli are also medically important. Aspergillus fumigatus is a prominent human pathogen and has been reported to be responsible for up to 40% of the deaths associated with nosocomial infection [5] . To combat this, billions of dollars per year are spent developing new anti-fungal therapeutics [6] .
The importance of Aspergilli is further highlighted by recent efforts to sequence a number of genomes from this genus (A. nidulans [7] , A. fumigatus [8] , A. oryzae [9] , A. flavus [10] , A. niger [11] , A.clavatus [12] and A.terreus [12] ). Aspergillus genomes are typically [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] Mb with good synteny between species ($50%) [11] . Currently, it is estimated that <10% of the typical $9000-13 000 open reading frames (ORFs) in each of these genomes has been assigned function [13] , highlighting the necessity to shift toward a post-genomic research approach [14] . Among the many 'omic' techniques available, proteomic analysis is of particular interest. Proteomic analysis is a powerful tool capable of resolving thousands of proteins and thereby allows a systematic understanding of the molecular events that occur within an organism's various physiological states. In addition, proteomic analysis provides information on the desired end point, i.e. protein expression level of specific genes, and through cellular fractionation can provide spatially specific information on protein expression. For the Aspergilli, however, postgenomic studies (especially in the area of proteomics) are just beginning to take place. This is quite surprising when considering the Aspergilli's clear importance and benefits to mankind.
In light of the importance of this genus, it seems timely to survey the current state of proteome profiling in Aspergilli. While other recent reviews have dealt with proteomic analysis of filamentous fungi more broadly [15, 16] , the focus here is specifically on publications that deal with the Aspergillus proteome (Table 1) . We begin by highlighting challenges in sample preparation, then provide an overview of the currently identified Aspergillus proteome related to extracellular secretion, the cell surface and major metabolic pathways ( Figure 1 ). Table 1 . Due to limited space, only the proteins from major metabolic pathways, cell-surface proteins, and secreted proteins are listed here. See the individual references for the complete list of identified proteins. SeeTable 2 for list of protein abbreviations used. 
CHALLENGES IN ASPERGILLUS SAMPLE PREPARATION FOR PROTEOMIC ANALYSIS
In addition to two-dimensional electrophoresis (2DE), recent advances in proteomic analysis have led to increased use of multidimensional chromatography and multidimensional mass spectrometry. This has enabled the broader proteomics field to progressively move towards more quantitative analysis. Yet, thus far for the Aspergilli, 2DE has been the almost exclusive tool of choice for proteomic analysis. Therefore, we focus here on specific challenges addressed in the literature that are related to 2DE sample preparation. Aspergilli, and other filamentous fungi, are known to have exceptionally strong cell walls [17] , which makes it difficult to lyse them for proper (intracellular) proteomics sample preparation. To address this challenge, our lab tested four different fungal lysis methods using A. oryzae: (i) boiling in strong alkali solution, (ii) boiling in detergent (sodium dodecyl sulfate), (iii) chemical lysis using a commercial kit and (iv) mechanical lysis via rapid agitation with glass beads [18] . While the first three methods have been reported to be adequate for Saccharomyces cerevisiae, mechanical lysis was found to be most effective for A. oryzae. This was especially true when utilizing the liberated protein solution for 2DE applications [18] . Use of sodium hydroxide expedited protein resolubilization after precipitation, allowing us to develop a robust sample preparation protocol that led to higher yield ($5Â) of proteins for proteome analysis [19] . More recently, Kniemeyer et al. [20] further optimized Aspergillus 2DE sample preparation using a combination of zwitterionic detergents. They found that replacing all or some of the 3-[(3-Cholamidopropyl)dimethyl ammonio]-1-propanesulfonate (CHAPS) with Zwittergent 3-10 and Amidosulfobetaine-14 (ASB-14) significantly improved the number of spots ($20% increase) visualized in 2D gels, enabling them to resolve more than 1000 Aspergillus proteins in large format gels. In addition to these protocols, Medina and Francisco [21] have developed a protocol for sample preparation of secreted proteins. However, despite these advances in sample preparation, it should be noted that not all cellular proteins can be visualized. One estimate suggests that 2DE captures, at best, $75% of the actual proteome [22] , preferentially separating proteins with acidic isoelectric points. Identifying low abundance proteins also remains a challenge for proteomic analysis [23] . These are ongoing challenges, relevant for all proteomics research and not just Aspergilli, but they should be taken into consideration for choosing an appropriate proteomic analysis approach.
Secreted proteins
Many fungi are saprotrophic in nature and are able to grow on a host of diverse substrates. Digestion of these varied nutrient sources requires fungi to produce a broad array of hydrolytic enzymes, most of which are secreted [24] . These secreted enzymes are often expressed at relatively high levels and many are produced and sold by the bioprocess industry [2, 3] . The ability to secrete large quantities of protein also makes fungi an attractive host for production of recombinant protein [24] , and thus protein secretion is an important topic of study. In addition, because sample preparation techniques are comparatively more straightforward than those for intracellular proteins, a number of studies have focused on the fungal secretome.
Fungal secretome research was pioneered by Francisco and colleagues who identified 73 secreted proteins of A. flavus (22 in [25] , 51 in [26] ). Many of these proteins were proteases, metabolic proteins or proteins involved in electron/proton transport. In particular, 18 proteins were found to be unique to the rutin degradation pathway when compared to fungi grown in glucose or potato dextrose. Interestingly, a substantial number of identified proteins (27%) were labelled 'hypothetical' due to the incomplete annotation of the genome. This provided the opportunity to assign probable function to these proteins as being involved with rutin metabolism.
Recently, Oda et al. [27] provided the first comparative proteome analysis for the filamentous fungus A. oryzae, grown in either solid-state fermentation or submerged culture. They identified 29 extracellular proteins in four categories: (i) those unique to solid-state culture (e.g. glucoamylase B, alanyl dipeptidyl peptidase), (ii) those unique to liquid culture (e.g. glucoamylase A, xylanase G2), (iii) proteins secreted from both conditions (e.g. xylanase G1) and (iv) and proteins that were secreted in the solid-state condition but remained trapped in the cell wall during submerged cultivation (e.g. -amylase, b-glucosidase). Coupling their proteome data with Northern analysis, the authors convincingly show that secreted proteins unique to solid-state growth are transcriptionally controlled, while other secreted proteins are post-transcriptionally controlled [27] .
These initial results show the Aspergillus secretome is strongly tied to both culture conditions and nutrient source. They also show protein deglycosylation to be a common challenge, as polysaccharide side chains make mass spectrometric identification of protein difficult. Yet with the precedent set by these publications, and a recently published protocol for fungal secretome studies [21] , we expect an increase in the number of Aspergillus secretome studies in the near future.
Cell wall-related proteins
To date, a total of 28 unique Aspergillus cell-surface proteins have been identified (Figure 1 ), all from the species A. fumigatus. As A. fumigatus is a potent human pathogen [28] , the thrust is to identify both proteins involved in pathogenicity and those involved in structure or assembly that may serve as novel targets for future anti-fungals [17] .
Demonstrating the interest in this topic, the very first report on Aspergillus proteomics focused on A. fumigatus surface proteins [29] . Bruneau and colleagues set out to identify glycosylphosphatidylinositol (GPI)-anchored membrane proteins (previously shown to play a significant role in cell-wall biosynthesis [30] ). They pre-fractionated and identified nine GPI-bound proteins, five of which had unknown function (Csa1, Crh1, Crh2, Ecm33, Gas1). Further, by comparing proteome profiles of wild-type against double chitin-synthase and double glucanosyltransferase mutants (ÁchsE/ÁchsG and Ágel1/Ágel2, respectively), they were able to demonstrate that the Ecm33 protein plays a role in cell-wall morphogenesis.
Recently, Asif et al. [31] updated the A. fumigatus cell-surface proteome map (Figure 1 ). They extracted surface proteins from fungi grown in solid state by mild alkali treatment. Twenty-six conidial cellsurface proteins were identified, which the authors suggested may be potential vaccine candidates. Abundant surface proteins include RodA (Hyp1), endoprotease Pep2 and extracellular lipase. Twelve of the 26 identified proteins were postulated to be involved in protein secretion, while the remaining 14 did not contain secretion signal sequences. The authors suggest the latter group, rather than being contaminants from the cytosol, may be involved in non-classical secretory pathways. Interestingly, half of the proteins in this category had no known function, highlighting the potential that proteomic analysis has for identification of novel targets, which might otherwise remain unknown.
Intracellular proteins
The first report on Aspergillus intracellular proteomics came from Melin et al. [32] , who reported on upand down-regulation of several A. nidulans proteins in the presence of the antibiotic concanamycin produced by a Streptomycete. This same lab later reported on the effects of anti-fungal compounds produced by lactic acid bacteria [33] . However, both of these studies were conducted without the aid of a fully sequenced genome, making it difficult to identify a large number of proteins.
Taking advantage of a fully sequenced genome, our group provided the first proteome map of A. nidulans during growth in the presence of elevated salt concentration, or osmoadaptation [34] . We identified 30 total proteins, several of which appeared at multiple locations presumably due to post-translational modification. Thus, 23 of these proteins were unique. The data revealed A. nidulans adapts to even a mildly increased osmotic pressure by shifting its metabolic pathway toward glycerol production, lowering expression of tricarboxylic acid cycle enzymes and reducing expression of proteins in the lysine biosynthesis pathway (Figure 1) . Further, simultaneous up-regulation of protein chaperones and protein degradation proteins imply A. nidulans increases protein turnover during osmoadaptation. Interestingly, five proteins of unknown function were identified, allowing the preliminary assignment of function to these ORFs in the A. nidulans genome.
In one of the first functional genomics studies using proteomics and Aspergilli, Hortschansky et al. [35] studied a single-gene deleted mutant. Specifically, they compared the A. nidulans wild-type proteome to that of a hapX deletion mutant to identify novel targets of this transcription factor. They identified 30 proteins, confirming known HapX targets involved in iron metabolism. In addition, they identified putative HapX targets previously unknown to be related to iron metabolism. In particular, iron-sulphur cluster containing proteins were up-regulated in ÁhapX mutants. These data suggest interaction between HapX and the CCAAT-binding complex of the promoter region is prevented in the presence of iron, which permits transcription of proteins related to the irondependent pathways.
Coincidentally, a number of the A. nidulans proteins identified as down-regulated in the ÁhapX strain were similar to those found to be downregulated during osmoadaptation [34] , mainly dehydrogenases and oxidoreductases. Taken together, this provides circumstantial evidence that A. nidulans limit their use of dehydrogenases and oxidoreductases during stressful conditions. Hortschansky et al.'s study [35] , much like Bruneau et al.'s [29] , provides a unique global perspective into effectors of gene products downstream of the deleted gene.
To date, the most comprehensive understanding of the Aspergillus intracellular proteome has been provided by Kniemeyer et al. [20] and Carberry et al. [36] who each identified over 50 A. fumigatus proteins, $40% of which were similar. Kniemeyer et al. [20] first provided an optimized 2DE sample preparation protocol, then used this approach to present the first report on carbon catabolite repression of fungi at the protein level. Fungi were grown on either glucose or ethanol. When grown on ethanol, A. fumigatus up-regulated a number of key gluconeogenesis, glyoxylate cycle and ethanol degradation enzymes (Figure 1 ). Specifically, they observed a down-regulation of pyruvate dehydrogenase coupled with a high up-regulation of malate dehydrogenase, malate synthase, aconitate hydratase and isocitrate lyase, thus identifying most of the key enzymes involved in glyoxylate cycle. Ethanol degradation enzymes (e.g. aldehyde dehydrogenase, alcohol dehydrogenase) were up-regulated, as were gluconeogenesis enzymes (e.g. phosphoenolpyruvate carboxykinase, fructose-1,6-bisphosphatase).
In addition to a comparable A. fumigatus proteome profiling, Carberry etal. [36] conducted an interesting subproteome analysis, which identified two novel eukaryotic elongation factor 1B complex (eEF1B) proteins, ElfA and ElfB. Coupled with affinity chromatography and phylogenetic analysis, the authors convincingly show that ElfA is of the -subunit of eEF1B with glutathione transferase (GST) activity and is also distinct from other fungal GST protein clades (Mak16, Ure2). Thus, similar to Bruneau etal. [29] , Carberry etal. [36] were able to circumvent problems associated with low abundance proteins by using a pre-fractionation approach.
Collectively, 139 intracellular proteins have been identified in various Aspergillus species. While this is not an insignificant number, it is at least an order of magnitude less than the theoretical resolving power of 2DE, let alone the total number of ORFs in an Aspergillus genome. Either by utilizing higher throughput methods (e.g. mass spectrometric centered) or by developing technology to improve the rate of protein identification, there is clearly more Aspergillus proteomic data that remains to be uncovered.
SUMMARY
We summarize some of the proteome data reviewed here in Figure 1 . Due to limited space, the figure admittedly does not represent all identified Aspergillus proteins, but rather provides a panoramic overview of currently known Aspergillus proteome from the extracellular space, cell surface and major metabolic pathways. A significant amount of proteomic data have already been generated in the papers reviewed here (Table 1) , but there is still much of the Aspergillus proteome that remains to be explored. As discussed earlier, proteomic analysis of Aspergilli can also provide us with opportunity to assign probable functions and pathway associations to proteins currently labelled as hypothetical. This will be especially useful for the investigation of singlegene deletion mutants, which will allow identification of novel effectors as exemplified by Bruneau et al. [29] and Hortschansky et al. [35] . It is also noteworthy that the most comprehensive proteomic data comes to us from reports that queried A. fumigatus, a likely reflection of its medical relevance. From a biotechnological standpoint, future proteomic studies on A. niger or A. oryzae (intracellular) proteomics would be welcomed.
In the near future, we anticipate an increased number of studies relating to the Aspergillus subproteome (i.e. organelle-specific proteomic analysis). Techniques for pre-fractionation or concentration of the subproteome have been employed in other fungi [37] , and these techniques can easily be transferred to Aspergilli. In addition, if the history of the broader proteomics field is any indication, it will only be a matter of time for the future of Aspergillus proteomics to move towards higher-throughput gel-independent mass spectrometric approaches. Further, improvements in the annotation of the Aspergillus genome will likely contribute to increasing success in identifying Aspergillus proteins. Thus, we anticipate proteomic research in the near-future, which will improve both the quantity and quality of Aspergillus proteome profiling.
